To establish the cutoff values for screening ENU-induced behavioral mutations, normal variations in mouse behavioral data were examined in home-cage activity (HA), openfield (OF), and passive-avoidance (PA) tests. We defined the normal range as one that included more than 95% of the normal control values. The cutoffs were defined to identify outliers yielding values that deviated from the normal by less than 5% for C57BL/6J, DBA/2J, DBF 1 , and N 2 (DXDB) progenies. Cutoff values for G1-phenodeviant (DBF 1 ) identification were defined based on values over ±3.0 SD from the mean of DBF 1 for all parameters assessed in the HA and OF tests. For the PA test, the cutoff values were defined based on whether the mice met the learning criterion during the 2nd (at a shock intensity of 0.3 mA) or the 3rd (at a shock intensity of 0.15 mA) retention test. For several parameters, the lower outliers were undetectable as the calculated cutoffs were negative values. Based on the cutoff criteria, we identified 275 behavioral phenodeviants among 2,646 G1 progeny. Of these, 64 were crossed with wild-type DBA/2J individuals, and the phenotype transmission was examined in the G2 progeny using the cutoffs defined for N 2 mice. In the G2 mice, we identified 15 novel dominant mutants exhibiting behavioral abnormalities, including hyperactivity in the HA or OF tests, hypoactivity in the OF test, and PA deficits. Genetic and detailed behavioral analysis of these ENU-induced mutants will provide novel insights into the molecular mechanisms underlying behavior.
Introduction

N-ethyl-N-nitrosourea (ENU) is a chemical mutagen
that induces random single-base substitutions in the genome with a high frequency [19] . ENU can cause not only complete loss-of-function mutations, similar to conventional gene-targeting techniques, but also partial loss-of-function, dominant-negative, and gain-of-function mutations. Over the past decade, large-scale mutagenesis projects involving the use of ENU to generate novel mouse mutants have been undertaken worldwide with the goal of modeling human diseases and describing the function of each mammalian gene (reviewed in [6, 8] ).
At several research centers conducting projects involving ENU mutagenesis, high-throughput screening to identify novel behavioral mutants is underway [2, 5, 10, 14, 16, 17, 22, 28] . Many mutants exhibiting interesting behavioral traits have been generated by ENUmutagenesis, such as abnormal circadian rhythm [4, 9, 12, 23] , abnormal sensory-motor gating in the pre-pulse inhibition test [2, 22] , hyperactivity and hypoactivity in an open-field or novel cage [2, 10, 11] , decreased anxiety in the light/dark test [2] , learning deficit in contextual fear conditioning [20] , and abnormal ethanol-induced locomotor activity [7] . Although most of the genes responsible for these ENU-induced behavioral mutants have not yet been identified, except those for circadian rhythm [9, 12, 23] and hyperactivity in novel cage [11] , the genetic and phenotypic characterization of these mutants will provide new insights for elucidating the neural and molecular pathways of behavior.
In ENU-mutagenesis, males are treated with ENU and subsequently mated with wild-type females. The progeny from these crosses are then screened for abnormal phenotypes in dominant screening. After confirming the inheritance of the phenotype, positional cloning and candidate gene sequence analysis are carried out to identify the mutant genes. Thus, the abnormal phenotype is screened first, and the mutated gene is then identified in the phenotype-driven approach of ENU-mutagenesis. As the phenotype-driven approach does not need background assumptions about the underlying genes involved, it should be possible to associate abnormal phenotypes with previously uncharacterized genes [10] .
Since the abnormal phenotype is the starting point for mutant selection and for further mapping of the mutated gene, the definition of abnormal is critically important in the phenotype-driven approach [27] , especially for the quantitative behavioral phenotype, as mice usually show variations even if they have the same genetic background. Therefore, the information about normal variation for a behavioral parameter is necessary to decide whether a selected outlier is actually abnormal or just lies within the normal variation for a particular behavior [27] . Lax statistical decisions in identifying outliers result in many false positives. On the other hand, if the statistical cutoff for identifying potential mutants is stringent, we might loose mutants (false negatives) [7] .
In this study, we examined intra-and inter-strain variations in behavioral data in order to define the cutoff values for detecting behavioral outliers from ENUmutagenized progeny. We chose C57BL/6J (B6) mice as a background strain for ENU-mutagenesis since it is a standard strain used worldwide. DBA/2J (D2) mice were chosen as a wild-type strain for backcrossing to permit positional cloning of mutations, because B6 and D2 are highly polymorphic among common inbred strains [21] . The progeny obtained from the cross between the ENU-treated B6 male and wild-type D2 female (G1) were screened for the dominant phenotype. The potential mutants (phenodeviants) detected in the screening were crossed with D2, and transmission of the abnormal phenotype was confirmed in their progeny (G2). Thus, intra-and inter-strain variations in behavioral data were examined in DBF 1 mice for the G1 control, N 2 mice for the G2 control, and B6 and D2 mice for the future congenic breeding control.
Materials and Methods
Animals and G1 progeny generation
DBA/2J (D2) and C57BL/6J (B6) mice (age, 5 weeks) were purchased from CLEA Japan, Inc. (Tokyo, Japan), or produced at RIKEN Genomic Sciences Center (GSC; Yokohama, Japan). DBF 1 mice were produced by crossing wild-type D2 females with wild-type B6 males. N 2 mice were produced by crossing wild-type D2 females with wild-type DBF 1 males. The G1 mice were produced by crossing wild-type female D2 mice with male B6 mice that had been intraperitoneally administered ENU at a final dose of 150 to 250 mg/kg (refer to http://www.brc. riken.go.jp/lab/gsc/mouse/). The mice were weaned at the age of 4 weeks and were housed individually from 5 (or 6) weeks of age. The colony room was maintained under a 12:12-h light:dark (LD) cycle (lights switched on at 8:00). The room temperature was controlled at 20-24°C and the humidity at 45-65%. The animals had unlimited access to food and water. All the procedures were carried out under the guidelines of the institutional review board of RIKEN GSC.
Behavioral screening
At 4-6 weeks of age (the time of weaning and individual housing), the mice were visually inspected, and those exhibiting severe morphological abnormalities, forms of motor deficit (ataxia, dystonia, circling, etc.), or an unhealthy appearance were excluded from the behavioral screening subjects. In normal control and G1-regular groups, three behavioral tests were conducted in the following order: home-cage activity (HA) test for screening spontaneous activity and rest/activity cycles at 8 weeks (7 weeks in the case of the N 2 mice), openfield (OF) test for screening novelty-induced activity that reflects anxiety, exploration, and excitation at 9 weeks (8 weeks in the case of the N 2 mice), and passive avoidance (PA) test for screening the shock avoidance response that reflects learning, memory, fear, pain sensitivity, etc. at 11 weeks of age. In the G1-SHIRPA group, mice were pre-screened at 8 weeks of age using the Modified-SHIRPA method, a protocol for the comprehensive assessment of mouse behavior and morphology [14] , in the same manner as described elsewhere (http:// www.brc.riken.go.jp/lab/bpmp/SOPs/index_mc.html). In the G1-SHIRPA group, the behavioral outliers detected using the Modified-SHIRPA method were subjected to three behavioral tests in the following order: the OF test at 9 weeks, the HA test at 10 weeks, and the PA test at 11 weeks of age. In all groups, some mice were subjected to all 3 tests and others to only 1 or 2. All testing procedures were carried out between 10:00 and 16:30.
HA test: Spontaneous activity in the home cage was measured under a regular LD cycle (12:12; lights switched on at 8:00). The mice were shifted from the colony room to the testing room in the morning (10:00-12:00) and were housed individually in transparent cages (22.7 × 32.9 × 13.3 cm) containing wood shavings. Following acclimation for 1 day, the spontaneous activity of the animals was measured for 5 days (starting at 8:00) by using an infrared sensor mounted on the cage tops (AB-System-4.0, Neuroscience Co., Ltd., Tokyo, Japan). This infrared sensor system monitored the infrared pattern in the home-cage for 15 times/s, and counted the number of gross changes in infrared pattern as activity. Thus, the activity reflects the time spent in gross movements such as locomotion and rearing rather than the distance traveled. The parameters that were measured in the HA test are summarized in Table 1 .
OF test: The OF was a square-shaped enclosure (40 × 40 × 32 cm) composed of white polyvinyl chloride. Its floor was illuminated at 90 lx with a fluorescent lamp (4 W). The mouse was placed in one corner, and the time spent in the central area (30% of the floor) and the distance traveled within the OF were measured for 20 min by using Image OF9 (O'Hara & Co., Ltd., Tokyo, Japan), software that is a modified version of the NIH public-domain Image program (http://rsb.info.nih.gov/nih-image/). The parameters that were measured in the OF tests are summarized in Table 1 .
PA test: The apparatus consisted of a light chamber and a dark chamber divided by a wall with a floor of stainless steel bars (PA-3002AD, O'Hara & Co., Ltd.) connected to an electric shock generator (SGA-2050, O'Hara & Co., Ltd.). The wall dividing the apparatus into the 2 chambers had a small opening (diameter, 3 cm) that could be opened and closed by a guillotine door. The mouse was placed in the light chamber, and the guillotine door was opened 20 s later. During conditioning, an electric shock (0.15 or 0.3 mA) was delivered across the floor immediately after the mouse entered the dark chamber (all 4 limbs within the chamber). The shock delivery was terminated when the mouse escaped into the light chamber. The mice which did not enter the dark chamber within 180 s during conditioning were eliminated from the analysis. The latency for entering the dark chamber was automatically recorded by a photocell beam-break detector (O'Hara & Co., Ltd.). On the subsequent day, a retention test was conducted. If the mouse entered the dark chamber within 300 s during the retention test session, an electric shock was delivered, and this test was repeated 1 week later. If the mouse did not enter the dark chamber for 300 s (the learning criterion), the retention test was terminated. The retention test was performed once a day, for a maximum of 3 days, until the mouse met the learning criterion.
Defining the cutoff values, detection of G1 phenodeviants, and the inheritance test
We defined the normal range of each parameter in the three behavioral tests as the range that included more than 95% of the values obtained from normal control mice. The cutoff values were determined based on the data distribution of the normal control. The G1 individuals exceeding the cutoff values were termed phenodeviants. To confirm the identified phenotypes, the OF phenodeviants in the G1-regular group were retested at 10 weeks of age, and the HA phenodeviants were retested at 12-14 weeks of age in both the G1-regular and G1-SHIRPA groups. The G1 phenodeviants used for the inheritance tests were carefully selected based on the results of retest, the severity of the phenotype, and/or the "abnormal impression" during the testing procedures. The selected G1 phenodeviants were crossed with male or female D2 individuals by natural mating, and the G2 progenies (about 20 individuals) were screened for the behavioral phenotypes expressed by their G1 maternal or paternal parents. When more than 10%, and more than 2, of the G2 progeny individuals exhibited values outside the cutoff for a parameter that was assessed as abnormal in the G1 parent, we considered the behavioral phenotype observed in the G2 progeny to have been inherited from the G1 generation. 
Statistical analysis
To determine whether our data differed significantly from the normal distribution, the Kolmogorov-Smirnov (K-S) test was performed for all the parameters assessed in the normal control (P<0.05). If the data were normally distributed, a two-way analysis of variance (ANO-VA) was used to assess the strain and sex differences. Posthoc comparisons for strain differences were carried out using Fisher's least significant difference (LSD) test (P<0.05). If the data were not normally distributed, the Mann-Whitney U test or the Kruskal-Wallis test was used. The data obtained for the N 2 progeny were independently analyzed in the HA and OF tests, because the time period of testing for these animals was 1 week prior to the testing of the other strains. To examine the effects of ENU treatment, one-way ANOVA (control DBF 1 vs G1-regular individuals) was used to analyze the results of the HA and OF tests, and survival analysis (log-rank test) was used for the PA test. Fisher's exact probability test (P<0.05) was used to compare the number of phenodeviants among the control DBF 1 and G1-regular individuals, the number of phenodeviants among the G1-regular and G1-SHIRPA, and the number of inherited mutants among the G1-regular and G1-SHIRPA mice. Two-way ANOVA and posthoc Fisher's LSD test were performed using JavaScript-STAR 4.4.4j (http:// www.kisnet.or.jp/nappa/software/star/). All other statistical analyses were performed using the StatView J-5.0 statistical package.
Results
The results of the normal control in the three behavioral tests HA test: Table 2 indicates the summary of the normal control data obtained in the HA test. The K-S test revealed that the data distributions of all parameters for all strain and sex groups did not differ significantly from the normal distribution (P<0.05); therefore, two-way ANOVA was used to assess the strain and sex differences for each parameter. All the F and P values are shown in Table 3 . The main effects of strain and sex were significant for all 5 parameters. In the day activity, night activity, and total activity, the interactions between strain and sex were significant; the simple main effects of strain were significant in both sexes, and the simple main effects of sex were significant in all strains except D2 and DBF 1 for the day activity. For strain differences, both sexes of the B6 mice exhibited significantly higher values than the DBF 1 or D2 mice for all parameters except for the percent of night activity. D2 mice showed significantly lower values than DBF 1 for the day activity of both sexes, and for the night and total activities of females. D2 and DBF 1 mice showed no significant differences in night and total activities of males, and in max for 15 min. For the percent of night activity, D2 showed significantly higher values than B6 or DBF 1 (Table 2) .
OF test: Table 4 summarizes the normal control data obtained in the OF test. The K-S test revealed that the data distributions of all parameters determined for all the animal groups did not differ significantly from the normal distribution, except for maximum activity for 1 min/total activity (max/total) among male D2 mice (P<0.05). Thus, two-way ANOVA was used to assess strain and sex differences for each parameter. All the F and P values are shown in Table 3 . The main effects of strain were significant for all 7 parameters. The interactions between strain and sex and the simple main effects of strain in both sexes were significant for all parameters except for maximum activity for 1 min (max for 1 min). For strain differences, both sexes of B6 mice exhibited significantly higher values than DBF 1 or D2 mice for center %, total activity, activity (0-5 min), activity (0-10 min), and activity (10-20 min). DBF 1 mice showed significantly higher values than D2 for activity (0-5 min) of both sexes, total activity, and activity (0-10 min) of females. DBF 1 and D2 mice showed no significant differences for center % of both sexes, for activity (0-5 min) of both sexes, for activity (0-10) of males, and for activity (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) of both sexes. In summary, B6 mice were the most active, and DBF 1 mice showed values higher or similar to D2 in most of the activity parameters of both sexes, although male D2 mice exhibited a significantly higher value than DBF 1 for max for 1 min, and showed a significantly higher value than B6 or DBF 1 for max/total.
For the sex differences, the interactions between strain and sex were significant in all parameters except for max for 1 min. The simple main effects of sex revealed that B6 females exhibited significantly higher values than B6 males for total activity and activity (10-20 min), whereas D2 males exhibited significantly higher values than D2 females for almost all activity parameters except for max/total. In DBF 1 mice, significant sex differences were not observed for any parameter. One-way ANOVA performed on N 2 progeny data revealed that N 2 Table 5 summarizes the normal control data obtained in the PA test. N 2 data were obtained only for males at a shock intensity of 0.3 mA. K-S tests revealed that the data distributions of the number of retention tests were significantly different from the normal distribution for all of the animal groups (P<0.05), except for female B6 mice and male D2 mice when the intensity of the shock delivered was 0.15 mA (Table 7) . Thus, a nonparametric analysis (Mann-Whitney U test or KruskalWallis test) was performed to assess strain and sex differences in the PA test. The Kruskal-Wallis test revealed significant strain differences among all groups: for female mice at a shock intensity of 0.15 mA (P<0.01), for male mice at 0.15 mA (P<0.01), for female mice at a shock intensity of 0.3 mA (P<0.01), and for male mice at 0.3 mA (P<0.01). The posthoc Mann-Whitney test revealed that B6 females underwent significantly more retention test trials than D2 (P<0.05) and DBF 1 females (P<0.001), and D2 and DBF 1 females showed no significant differences at a shock intensity of 0.15 mA. For male groups at 0.15 mA, D2 mice underwent significantly more retention test trials than B6 mice (P<0.01) and DBF 1 mice (P<0.01), and B6 mice underwent significantly more retention test trials than DBF 1 (P<0.01). For female groups at 0.3 mA, D2 mice underwent significantly more retention test trials than B6 mice (P<0.01) and DBF 1 mice (P<0.01), and B6 mice underwent significantly more retention test trials than DBF 1 (P<0.01). For male groups at 0.3 mA, D2 mice underwent significantly more retention test trials than B6 mice (P<0.01), DBF 1 mice (P<0.01), and N 2 mice (P<0.01). N 2 mice underwent significantly more retention test trials than DBF 1 mice (P<0.05). N 2 and B6, and B6 and DBF 1 mice showed no significant differences among males at 0.3 mA. The Mann-Whitney U test revealed that the sex differences were not significant for any of the groups, except for D2 mice at a shock intensity of 0.15 mA (P<0.01).
Defining the cutoff values
In the HA and OF tests, the cutoff values were defined for each strain and both sexes because distinct interstrain and intersex differences were observed for almost all the parameters assessed. To define the appropriate cutoff values, the percentages of outliers among the normal controls were determined based on the standard deviation from the mean of each group. The percentage of outliers was less than 5% for most of the parameters assessed in the HA and OF tests when value of over ±2.0 or ±3.0 SD from the mean was used as the criterion for defining the cutoff values (Tables 2 and 4) . Thus, the cutoff values were defined as a value over ±3.0 SD from the mean for each strain and both sexes in the HA and OF tests, although values of over ±4.0 SD from the mean had to be selected to define the cutoff values of the total activity for male D2 mice, the percent of night activity of female N 2 mice in the HA test, and the max/total activity of female N 2 mice in the OF test. Lower outliers were not definable for the day activity of D2 and N 2 mice, for night and total activities of D2 male mice in the HA test, for center% of both sexes of B6 and D2 and female DBF 1 mice, and for activity (0-5 min) and activity (0-10 min) of female D2 mice in the OF test, as the calculated lower cutoffs had negative values (Tables 2 and 4 ). For the percent of night activity of D2 and N 2 females in the HA test, the upper outliers were not definable as the upper cutoff values were over 100%.
In the PA test, the cutoff values were defined for each strain because distinct interstrain differences were observed but intersex differences were not, except for the D2 mice tested at 0.15 mA. The percentages of outliers detected in the PA test are shown in Table 5 . In the PA test conducted with shock delivery at an intensity of 0.15 mA, the percentage of outliers was more than 5% at the 3rd retention test trial for the female B6 and male D2 mice; therefore, the cutoff values for B6 and D2 mice could not be defined. In the case of the DBF 1 mice, the cutoff values were defined based on whether the number of retention tests not meeting the learning criterion was more than 3, because the percentage of mice not meeting the criterion was less than 5% for this condition. In the PA test conducted with shock delivery at an intensity of 0.3 mA, the cutoff values were defined based on whether the number of retention tests not meeting the criterion was more than 2 for both sexes of all strains (Table 5) , except for male D2 mice; for these mice, the cutoff values were defined based on whether the number of retention tests not meeting the criterion was more than 3.
Detection of phenodeviants in the G1 progeny and the results of the inheritance test
By using the cutoff values established as described above, behavioral phenodeviants were identified among the G1 progeny. The definitions of cutoff values for the G1 progeny are summarized in Table 1 . Figure 1 (HA test) and Figure 2 (OF test) show the box plots constructed for each parameter assessed using the DBF 1 controls and the G1-regular progeny of both sexes. For all the parameters assessed in the HA and OF tests, the size and shape of the box plots were very similar for the DBF 1 controls and the G1-regular progeny, although the range of data distribution was greater for the G1-regular progeny. One-way ANOVA revealed no significant differences between the DBF 1 controls and the G1-regular progeny for any of the parameters assessed in the HA and OF tests performed by both sexes. Figure 3 shows the percentage of mice that did not meet the learning criterion among the DBF 1 controls and the G1-regular progeny. The data presented have been collapsed across sex for the animals because no significant intersex differences were observed for the DBF 1 mice in the PA test as described above. When shocks were delivered at an intensity of 0.15 mA, the Kaplan-Meier survival analysis revealed significant differences between the DBF 1 controls and the G1-regular progeny (χ 2 =11.7; df=1; P<0.01); the percentage of animals that did not meet the criterion at the first retention test was about two-folds higher in the G1-regular progeny than in the DBF 1 controls. However, the difference between the DBF 1 control and G1-regular progeny was not significant when shocks were delivered at an intensity of 0.3 mA. Table 6 shows the number of phenodeviants identified by behavioral screening. The data have been collapsed across the sex of the animals since Fisher's exact probability test revealed no significant intersex differences for any of the parameters assessed, except for the day activity determined by the HA test (P<0.05) and total activity (0-10 min) determined by the OF test (P<0.01). Further, although the percentage of phenodeviants was Results of Fisher's exact probability test to compare (a): the number of phenodeviant among the control and G1-regular, (b): the number of phenodeviants among the G1-regular/G1-SHIRPA, and (c): the number of inheritated mutants among the G1-regular/ G1-SHIRPA. ns: not significant, *: P<0.05, **: P<0.01.
higher among the G1 progeny than among the DBF 1 controls for most of the parameters assessed, Fisher's exact probability test revealed no significant differences between the DBF 1 controls and the G1-regular progeny, except for the total number of phenodeviants (P<0.01). The behavioral outliers identified by the Modified-SHIRPA method (G1-SHIRPA) were also screened using the cutoff values that were established for the G1-regular group. Fisher's exact probability test revealed that the total rate of phenodeviants identified in the G1-SHIRPA group (94/271, 34.7%) was significantly higher than that in the G1 naïve group (181/2,375, 7.6%; P<0.01; Table 6 ). For most parameters assessed in the OF test (except for center %) and 2 parameters assessed in the HA test (night activity and max for 15 min), the percentage of phenodeviants identified was significantly greater in the G1-SHIRPA group than in the G1-regular group (Fisher's exact probability test, see Table 6 ), whereas the percentage of phenodeviants identified was significantly greater in the G1-regular group than in the G1-SHIRPA group for day activity in the HA test. In the OF test, the total percentage of phenodeviants identified in the G1-SHIRPA group (32%) was approximately 5-fold that in the G1-regular group (6.4%). On the other hand, no significant differences were noted between the 2 groups with regard to the total percentage of phenodeviants identified in the HA and PA tests. Seventy-four of the two hundreds seventy-five phenodeviants identified among the 2,646 G1 mice were selected and crossed with D2 individuals by natural mating. Among these 74 phenodeviants, 10 were found to be infertile or died during or prior to mating. The G2 progenies obtained from the remaining 64 G1 phenodeviants were screened for the behavioral phenotypes expressed by their G1 maternal or paternal parents. Since we could not define the cutoff values for the PA test at a shock intensity of 0.15 mA in the parent strain of G1 (B6 and D2), the PA test involved an inheritance test conducted at a shock intensity of 0.3 mA if the G1 phenodeviants were detected at a shock intensity of 0.15 mA.
The results of the inheritance test are summarized in Table 6 . The percentage of mutants that inherited the abnormalities did not differ significantly between the G1-regular and G1-SHIRPA mice for all the parameters assessed in the 3 behavioral tests (Fisher's exact probability test). The total number of mutant lines that inherited the behavioral abnormalities was found to be 15 of 64 lines (23.4%). Table 7 indicates the behavioral phenotypes of the mutant lines identified in this study. Four mutants exhibiting hyperactivity in the OF test and one mutant exhibiting hyperactivity in the OF test and PA deficit were the same animals identified by Masuya et al. [15] as mutants with hyper-locomotor activity in the Modified-SHIRPA method. We identified mutants exhibiting hyperactivity in the HA or OF tests, hypoactivity in the OF test, high value of max/total in the OF test, and PA deficits. Among the 12 mutant lines detected by the HA and OF tests, 11 exhibited hyperactivity and only one exhibited hypoactivity. (a) These mice were identified as mutants with hyper locomotor activity by the Modified-SHIRPA method in a previous study [15] .
Discussion
In behavioral screening for ENU-induced mutants, the definition of abnormal is critically important for the identification of the mutated genes, since mice usually show variations even if they have the same genetic background [27] . In this study, we defined the normal range of behavioral data as that including more than 95% of the values obtained for normal controls and established cutoff values for detecting behavioral outliers based on normal controls obtained in the HA, OF, and PA tests. By using these defined cutoff values, we successfully identified 15 novel ENU-induced mutants exhibiting behavioral abnormalities, including hyper-and hypoactivity in the HA or OF tests and PA deficits.
Prominent strain differences were observed among the normal control groups in all parameters of the 3 behavioral tests examined in this study. Hamre et al. [7] described that evaluation of screening is accomplished by testing standard inbred strains of mice and comparing the results with previously published data to determine whether previously reported strain differences are noted. If the data obtained are consistent with data determined elsewhere, it demonstrates the adequacy of the test parameters for detecting differences among mutagenized mice [7] . In the HA and OF tests conducted in this study, both sexes of the B6 mice exhibited higher values than the D2 and DBF 1 mice for all activity-related parameters; the DBF 1 mice showed values higher or similar to those of the D2 mice. These results are consistent with published strain comparisons: [26] for the HA test, and [3, 13, 24, 26] for the OF test. For PA performance, D2 mice were the worst learners among the groups at both shock intensities for males and at 0.3 mA for females, whereas B6 mice were the worst learners at 0.15 mA for females in this study. Some previous studies also indicate that D2 mice are poorer performers than B6 mice [1, 29] , although one study has indicated that the performance of B6 was poorer than that of D2 mice [18] . These inconsistent results for strains in the PA test may arise from differences in experimental conditions such as shock intensity [25] . Our screening protocol was sufficiently sensitive to detect general strain differences that were previously reported and was adequate for detecting differences among mutagenized mice.
We defined the normal range as a range that included more than 95% of the values obtained for normal control mice. The cutoff values were then determined to be the percentage of outliers less than 5% for each behavioral parameter. For DBF 1 mice that had the same genetic background as the G1 progeny in this study, we were able to define the cutoff values for all parameters assessed, whereas for B6 and D2 mice, we were not able to define the cutoff values for the PA test because of poor performance when the intensity of shock was 0.15 mA. If appropriate cutoff values are not available for the B6 and D2 mice, the detection of phenodeviants would be difficult, causing problems for mapping or congenic crossing with D2 or B6 mice. Therefore, we increased the shock intensity from 0.15 to 0.3 mA when the transmission of the phenotype was tested in the G2 progeny derived from G1 phenodeviants exhibiting PA deficits at 0.15 mA. Thus, the normal control data of the background strains are essential not only for detecting G1 phenodeviants but also for establishing mutant lines.
The ENU-induced mutations observed in this study should have effects on mouse behavior, as the abnormal phenotypes observed in G1 phenodeviants were passed on to the subsequent generations. However, the data distributions of the DBF 1 normal control and ENUtreated G1-regular mice were not statistically different for most of the parameters of the 3 tests in this study. The rate of outliers detected in the present screening was not significantly different among the DBF 1 control and G1-regular groups, either. Masuya et al. [14] also reported that the rate of outliers did not differ significantly between DBF 1 controls and G1 progeny individuals with regard to most of the parameters assessed during screening by the Modified-SHIRPA method. However, the number of outliers identified for qualitative (visible) traits such as coat color, hair length, and tail morphology was significantly higher the G1 progeny. Two possible reasons explain these results. One is that multiple genes are involved in controlling the dominant phenotype of quantitative traits, such as the activity in the HA and OF tests, and that an ENU-induced point mutation in a single gene rarely affect the expression of a particular phenotype [14] . The second possible reason is that the effects of ENU-induced mutations on mouse behavior have been underestimated because of low de-tection power. In this study, the detection of lower outliers was difficult compared to that of upper outliers, since the cutoff values for several parameters were near 0 or below 0. In fact, among the 12 mutants identified for HA and OF in this study, 11 mutants exhibited hyperactive (upper) phenotypes but only one mutant exhibited the hypoactive (lower) phenotype. As this tendency was prominent in D2 mice, it may be a good idea to change the backcrossed strain from D2 to another strain of mouse to obtain more mutants exhibiting the lower phenotype. Moreover, under the present cutoff establishment conditions, many potential mutants with mild behavioral abnormalities would be neglected, since we defined phenodeviants as outliers exhibiting deviated values. The identification of a mild behavioral mutation is extremely difficult in the phenotype-driven approach of ENU-mutagenesis because the data distribution for these mutants and their wild-type counterparts is usually continuous or overlapping.
To enhance the detection power of ENU-induced behavioral mutations, multivariate screening may be effective. In our screening, the rate of outliers detected for each parameter or for all parameters in each test was not significantly different among the DBF 1 control and G1-regular groups, whereas the rate of outliers detected for all parameters in all 3 tests was significantly higher in the G1-regular group than in the DBF 1 control. Moreover, pre-screening by the Modified-SHIRPA method enhanced the mutant detection rate 5-fold in the OF test without enhancing the ratio of false-positives (uninherited), although it did not enhance the mutant detection rate in the HA and PA tests. If we focus the screening target on OF mutants exhibiting novelty-induced behavioral abnormalities, more efficient behavioral screening would be realized by limiting the screening subjects to behavioral phenodeviants found by the Modified-SHIR-PA method.
The behavioral screening described here is just a stepping stone in the detection of potential behavioral mutants, and a more detailed phenotypic analysis is required at the second stage. For example, since a hypoactive phenotype in the OF test may reflect not only increased anxiety [3] but also sensory or another kind of physical problem, a wide range of phenotypic analyses would be required to elucidate the etiology of the behavior. Thus, a more detailed phenotypic analysis will be needed for 15 novel behavioral mutants identified in this study, as well as the identification of the mutated gene. Genetic and detailed behavioral analyses of these ENU-induced behavioral mutants will provide novel insights into the molecular mechanisms underlying behavior.
The behavioral mutants identified in this study are distributed by the RIKEN BioResource Center (BRC) (http://www.brc.riken.jp/lab/gsc/mouse/index.html) under a Material Transfer Agreement (MTA). The raw behavioral data of the normal control animals obtained in this study is accessible as comma delimited text files at Phenosite (http://www.brc.riken.jp/ lab/gsc/mouse/), a web database integrating the mouse phenotyping platform and experimental procedures in mice [15] .
